The copper-catalyzed diboration of ketones followed by an acid-catalyzed elimination leads to the formation of 1,1-disubstituted and trisubstituted vinyl boronate esters with moderate to good yields and selectivity. Addition of tosic acid to the crude diboration products provides the corresponding vinyl boronate esters upon elimination. The trisubstituted vinyl boronate esters are formed as the (Z)-olefin isomer, which was established by subjecting the products to a Suzuki−Miyaura coupling reaction to obtain alkenes of known geometry.
V inyl boronate esters play a significant role in targetdirected synthesis of alkenes through the Suzuki−Miyaura coupling reaction. 1,2 While 1,2-disubstituted vinyl boranes and boronates are readily available through the hydroboration of terminal alkynes, 3−5 methods to access 1,1-disubstituted vinyl boronates are less abundant and have additional limitations, 6−10 particularly in the area of functional group tolerance. Methods to access trisubstituted vinyl boronates typically suffer from poor stereo-or regioselectivity unless the substrate has significant steric or electronic differentiation. 11, 12 The absence of a general method 13, 14 to access these valuable synthetic intermediates is surprising considering the wealth of natural products and pharmaceutical targets that contain trisubstituted alkenes. If new methods to access the required trisubstituted vinyl boronates with control of stereo-and regioselectivity were established, it would provide a valuable strategy to access many biologically relevant synthetic targets.
In 2010, we reported the copper-catalyzed diboration of ketones, which provides tertiary α-hydroxyboronate esters upon hydrolysis of the O−B bond. 15−17 Recognizing the potential of these intermediates to access vinyl boronate esters by an elimination reaction, we examined α-hydroxyboronates under typical elimination conditions. We herein report the acidcatalyzed elimination of α-hydroxyboronate esters to provide 1,1-disubstituted and trisubstituted vinyl boronate esters in a facile procedure from readily available ketones which requires only one purification process.
Acetophenone-derived α-hydroxyboronate ester (1a, R = H, Scheme 1) was chosen as an initial substrate for acid-mediated elimination since the expected carbocation would be stabilized by the phenyl substituent. 1a was treated with various acids in an effort to promote an E1 elimination reaction. p-Toluenesulfonic acid (TsOH) in dichloromethane was found to be particularly effective in promoting the elimination reaction to provide 1,1-disubstituted vinyl boronate 2a in 71% isolated yield.
Several additional acetophenone derivatives were examined, and it was found that the aryl substituent has a significant influence on the rate of the diboration reaction. Electron-rich 4methoxyacetophenone was found to be much less reactive than acetophenone in the copper-catalyzed diboration reaction, resulting in 70% conversion to 1b under similar reaction conditions. Increased reaction time and catalyst loading was successful in obtaining >85% conversion, but a modest 35% yield was obtained upon isolation of the elimination product (2b). The low yield likely reflects the combination of inefficient diboration and elimination. In the case of a less electrondonating methyl substituent, the diboration reactivity was largely recovered and elimination product 2c was isolated in 56% yield. Finally, 4-fluoro-substituted acetophenone was examined, providing rapid diboration, and the corresponding vinyl boronate (2d) was isolated in 71% yield.
The sensitivity of the diboration reaction toward electronic effects and the potential value of trisubstituted vinyl boronate esters led us to turn our attention to dialkyl ketones. The greatest challenge to the success of this method was the regioand stereoselectivity of the elimination reaction (Scheme 2).
Assuming that a carbocation intermediate is formed, the regiochemistry should be governed by Zaitsev's rule, 18 providing differentiation if the two alkyl substituents provide alkenes with different substitution patterns. The stereochemistry of the vinyl boronate was expected to be governed by the steric strain imposed by the pinacolatoboronate ester (Bpin) on a cis substituent, which would result in a (Z)-alkene.
A study of the elimination reaction was initiated by subjecting α-hydroxyboronate ester 3 to similar conditions used for substrates 1a−1d (Scheme 1). Addition of 2 equiv of p-toluenesulfonic acid to 3 in dichloromethane provided complete conversion to 4 after 24 h at 50°C (Scheme 3).
Under these conditions, 4 was isolated in 54% yield as a 12:1:1 mixture of 4a/4b/4c. The major isomer (4a) has the expected regio-and stereoselectivity, favoring the Z-trisubstituted vinyl boronate ester. To streamline the reaction sequence, the crude diboration product was subjected to the reaction conditions without purification. Under these conditions, 4 was isolated in 63% yield (with identical selectivity) over two steps from 4phenyl-2-butanone.
In an effort to improve the reaction selectivity, a solvent screen was initiated for the elimination step. Alcohol and ethereal solvents were ineffective in promoting the elimination, providing no reaction (Table 1 , entries 1−3). Dimethoxyethane (DME) proved to be an exception, providing unselective formation of 4 (entry 4). Acetonitrile was even less selective than DME (entry 5). Nonpolar solvents, however, provided selectivities nearly as high as dichloromethane (entries 6−8).
Recognizing the opportunity to further streamline the synthesis of these vinyl boronate esters by performing the diboration and elimination in one reaction vessel without workup, we optimized the two-step, one-flask diboration/elimination of 4-phenyl-2-butanone using toluene as the solvent for both steps. Simple addition of p-toluenesulfonic acid to the reaction mixture after diboration resulted in clean formation of 4 (12:1:1.5 of 4a/4b/4c) in 79% isolated yield by heating the elimination reaction to 65°C for 9 h (Table 2, entry 1). The improved yield and reproducibility of the transformation led to the adoption of this protocol for the remaining substrates.
The diboration/elimination protocol was applied to a series of ketones to probe the scope of the transformation. The diboration/elimination of 2-heptanone and 4-methyl-2-pentanone (Table 2, (entry 4) was examined to determine if the pendant alkene would be tolerated under the reaction conditions. The coppercatalyzed diboration was found to be highly selective for the carbonyl over the alkene. 19 Cyclohexanone was also examined, providing vinyl boronate 8 in 57% yield with only one possible isomer (entry 5).
4-Heptanone (entry 6) and 4-benzyloxy-2-butanone (entry 7) provided the corresponding vinyl boronate ester but in poor selectivity. In the case of 4-heptanone, the loss of selectivity (of Z vs E) seems to result when a secondary α carbon is present on both sides of the carbonyl. Although one would expect the propyl substituent geminal to the Bpin to have little effect on the preference for Z over E, the Bpin substituent likely forces the propyl substituent to orient itself toward the ethyl substituent, in an s-cis conformation (Scheme 4), 20 which cancels most of the added strain observed with the methyl ketone substrates (entries 1−4). The loss of selectivity observed with 4-benzyloxy-2-butanone (entry 7) is not explained as readily. The electronegativity of the benzyloxy substituent seems to be responsible for the decreased rate of 10a formation compared to 10c. Further experiments are required to interrogate this decrease in selectivity.
The synthetic utility of the resulting vinyl boronate esters was demonstrated by subjecting them to Suzuki−Miyaura coupling conditions to provide trisubstituted olefins in good yield. 21 Vinyl boronates 4, 5, 7, and 9 were readily coupled with 3-iodotoluene, providing the corresponding (E)-alkene in good yield ( Table 3 , entries 1−4). Bromo-substituted arenes were also used in the coupling reaction, providing high yields (entries 5 and 6). This Suzuki coupling reaction was used to verify the vinyl boronate geometry as Z by synthesizing alkenes with known alkene geometry. 22 In summary, a diboration/elimination sequence was developed that utilizes tertiary α-hydroxyboronate esters as intermediates to generate 1,1-disubstituted and trisubstituted vinyl boronate esters with good selectivity. Suzuki−Miyaura coupling reactions were used to demonstrate the synthetic utility of the trisubstituted vinyl boronates and to unambiguously assign the stereochemistry of the major product.
■ EXPERIMENTAL SECTION
General Methods. All air-and moisture-sensitive materials were handled under dry nitrogen, either in an inert atmosphere glovebox or by standard Schlenk techniques. All solvents were dried and degassed unless used for extraction or purification. In all procedures, concentration was performed by rotary evaporation and through a Shlenk manifold. TLC analysis was performed on 60 Å silica layer fluorescence UV plates. Purification was performed by flash column chromatography with hand-packed columns of silica gel, 40−63 μm, 60 Å.
NMR spectra were collected at 500 or 400 MHz for 1 H NMR and 100 or 125 MHz for 13 C NMR. 1 H NMR spectra were referenced to chloroform-d at 7.26 ppm. The 1 H NMR spectral data are reported as follows: chemical shift parts per million, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, hex = hextet, sep = septet, oct = octet, m = multiplet), coupling constants (hertz), and integration. 13 C NMR spectra were referenced to chloroform-d at 77.0 ppm. Attenuated total reflection IR (ATR-IR) spectra and absorptions are reported in cm −1 . High-resolution mass spectrometry was obtained by time-of-flight electrospray ionization.
Toluene and benzene-d 6 were dried and distilled from calcium hydride, degassed using freeze, pump, thaw cycles, and stored in an inert atmosphere glovebox. Ketones were purchased from commercial sources and distilled, degassed, and stored in the glovebox before use. p-Toluenesulfonic acid was purified by recrystallization (ethyl acetate) and dried by vacuum oven before it was brought into the inert atmosphere glovebox. Chloroform-d, bis(pinacolato)diboron, and sodium tert-butoxide were purchased and used as received. [1,3-Dicyclohexylimidazol-2-ylidene]copper(I) chloride was made following known procedures. 15, 16 General Procedure A for the Diboration of Aryl Ketones and Acid-Mediated Elimination. 4,4,5,5-Tetramethyl-2-(1-phenylvinyl)-1,3,2-dioxaborolane (2a). 9 In a glovebox, an oven-dried resealable solvent flask (with PTFE valve) equipped with a stirbar was charged with bis(pinacolato)diboron (0.561 g, 2.20 mmol), NaOt-Bu (0.010 g, 0.100 mmol), (ICy)CuCl (0.020 g, 0.060 mmol), and toluene (24 mL), followed by acetophenone (0.240 mL, 2.00 mmol). (The only variation in subsequent reactions is the starting ketone.) The flask was sealed and removed from the glovebox and heated to 50°C . After 3.5 h, the reaction mixture was concentrated and the resulting residue was dissolved in pentane, filtered through Celite, and concentrated in vacuo. The crude diboronate was combined with ptoluenesulfonic acid (0.456 g, 2.4 mmol) followed by 24 mL of CH 2 Cl 2 . The reaction was stirred at 22°C for 3. 2-(1-(4-Methoxyphenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2b). 23 General procedure A was followed with 4′methoxyacetophenone (0.300 g, 2.00 mmol), 10 mol % of (ICy)CuCl General Procedure B for the Diboration of Alkyl Ketones and Acid-Mediated Elimination. Each of the trisubstituted vinyl boronate esters was synthesized by the following procedure. In a glovebox, an oven-dried resealable solvent flask, equipped with a stirbar, was charged with bis(pinacolato)diboron (0.279 g, 1.10 mmol), NaOt-Bu (0.005 g, 0.050 mmol), (ICy)CuCl (0.010 g, 0.030 mmol), and toluene (12 mL), followed by the ketone (1.00 mmol). The flask was sealed and removed from the glovebox and heated in an oil bath at 50−70°C. After 3−64 h, the solvent flask containing the reaction mixture was taken back into the glovebox, and p-toluenesulfonic acid (0.380 g, 2.00 mmol) was added to the reaction mixture. After 24 h at 65°C, the reaction mixture was concentrated in vacuo. The resulting residue was dissolved in dichloromethane, filtered through a silica plug with 250 mL of ethyl acetate to remove excess toluene sulfonic acid, and was concentrated in vacuo. Purification by flash silica gel column chromatography provided the corresponding vinyl boronate ester.
(Z)-4,4,5,5-Tetramethyl-2-(4-phenylbut-2-en-2-yl)-1,3,2-dioxaborolane (4a). General procedure B was followed with 1-phenyl-3butanone (0.150 mL, 1.00 mmol) at 50°C for 15 h for the diboration reaction. The vinyl boronate ester was formed as a 12:1:1. (Z)-4,4,5,5-Tetramethyl-2-(hept-2-en-3-yl)-1,3,2-dioxaborolane (5a). General procedure B was followed with 2-heptanone (0.712 mL, 5.00 mmol) at 70°C for 64 h. The vinyl boronate ester was formed as a 10:1:1 ratio of 5a/5b/5c in the crude reaction mixture. Purification by silica gel column chromatography (4:96 ethyl acetate/hexanes) provided vinyl boronate ester 5 in a 20:1:1.6 ratio of isomers as a pale yellow oil (0.707 g, 63%): R f = 0.4 (4:96 ethyl acetate/hexanes); (Z isomer) 1 H NMR (500 MHz, CDCl 3 ) δ = 6.32 (td, J = 7.0, 1.7, 1H), 2.11 (q, J = 6.5, 2H), 1.67 (s, 3H), 1.35 (m, 4H), 1.26 (s, 12H), 0.89 (t, J = 7.0, 3H); 13 2-(Cyclohex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8). 24 In a glovebox, an oven-dried resealable solvent flask, equipped with a stirbar, was charged with bis(pinacolato)diboron (0.561 g, 2.2 mmol), NaOt-Bu (0.010 g, 0.100 mmol), (ICy)CuCl (0.020 g, 0.060 mmol), and toluene (24 mL), followed by cyclohexanone (0.207 mL, 2.00 mmol). The flask was sealed, removed from the glovebox, and heated to 50°C. After 22 h, the reaction mixture was filtered through Celite and concentrated in vacuo. p-Toluenesulfonic acid (0.760 g, 4.0 mmol) was added to a flask containing the crude diboronate followed by 24 mL of CH 2 Cl 2 . The reaction was equipped with a reflux condenser and heated to 50°C for 24 h. After 24 h, the reaction mixture was filtered through a silica plug and concentrated in vacuo. Purification by silica gel column chromatography (4:96 ethyl acetate/ hexanes) provided 8 as a colorless oil (0.237 g, 57%): 1 H NMR (500 MHz, benzene-d 6 ) δ = 6.97 (t, J = 6.8, 1H), 2.42 (m, 2H), 1.98 (m, 2H), 1.56 (m, 2H), 1.49 (m, 2H), 1.09 (s, 12H); 13 C NMR (125 MHz, benzene-d 6 ) δ = 143.9, 83.5, 27.5, 27.2, 25.5, 23.2; 11 B NMR (160 MHz, benzene-d 6 ) δ = 29.9; IR (neat) 2925, 1632, 1427, 1144, 862 cm −1 .
(Z)-4,4,5,5-Tetramethyl-2-(hept-3-en-4-yl)-1,3,2-dioxaborolane (9a). General procedure B was followed with 4-heptanone (0.143 mL, 1.00 mmol) at 70°C for 24 h. The vinyl boronate ester was formed as a 2:1 ratio of 9a/9b in the crude reaction mixture. Purification by silica gel column chromatography (4:96 ethyl acetate/hexane) provided vinyl boronate ester 9 in a 2.6:1 ratio of isomers as a pale yellow oil General Procedure C for Suzuki Cross-Coupling of Vinyl Boronate Esters. 21 In a glovebox, an oven-dried round-bottom flask, equipped with a stir bar, was charged with a vinyl boronate ester (1.00 mmol), an aryl halide (1.00 mmol), NaHCO 3 (0.318 g, 3.79 mmol), 1,4-dioxane (10.3 mL), H 2 O (4.1 mL), and PdCl 2 (dppf) (0.031 g, 0.038 mmol). The flask was removed from the glovebox, and the reaction mixture was stirred at 80°C under positive nitrogen pressure. After 15 h, the reaction mixture was quenched with H 2 O (5 mL). The aqueous layer was extracted with EtOAc (20 mL), and the organic extract was washed with brine (4 × 25 mL), dried over MgSO 4 , filtered, and concentrated in vacuo. Purification by silica gel chromatography provided the corresponding Suzuki coupling product.
(E)-3-(3-Methylphenyl)-1-phenyl-2-butene (11) . General procedure C was followed with vinyl boronate ester 4a (0.258 g, 1.00 mmol) and purification by silica gel column chromatography (1:99 ethyl acetate/hexanes) provided 11 as a yellow oil (0.165 g, 74%): (E)-2-(3-Methylphenyl)-2-heptene (12) . General procedure C was followed with vinyl boronate ester 5a (0.224 g, 1.00 mmol) and purification by silica gel column chromatography with hexanes provided 12 as a pale yellow oil (0.158 g, 84%): R f = 0.6 (hexanes); 1 H NMR (500 MHz, CDCl 3 ) δ = 7.19 (m, 3H), 7.03 (m, 1H), 5.76 (t, J = 7.2, 1H), 2.35 (s, 3H), 2.19 (q, J = 7.0, 2H), 2.02 (s, 3H), 1.41 (m, 4H), 0.93 (t, J = 3H); 13 
